In this work, as-received HiPCO single walled carbon nanotubes (SWCNTs) are incorporated in a controllable manner at various concentrations into Cu-SWCNT composites via electroless plating, by varying the related reaction times, with polyethylene glycol (PEG) used as a dispersing agent. The resultant samples were analyzed using scanning electron microscopy (SEM) for morphology assessment, energy dispersive X-ray analysis (EDX) and X-ray photoelectron spectroscopy (XPS) for elemental analysis, X-ray diffraction (XRD) for the assessment of crystal phase identification, and Raman spectroscopy for the confirmation of the presence of the incorporated SWCNTs. The Cu-SWCNT composites were found to contain carbon, catalytic iron (associated with the raw, as-received SWCNTs), oxygen, and copper; the latter was found to be inversely proportional to carbon and iron contents. The oxygen (associated with both the SWCNT defect sites and oxidized copper surfaces) remained more or less constant regardless of the proportion of SWCNTs in the composites. The Raman I G :I D ratio remains within the experimental error constant, indicating that the electroless deposition does not have a deleterious effect on the SWCNTs. At short deposition times, SEM revealed a relatively dense structure comprising a distinctive fibrous morphology, suggestive of an underlying SWCNT substrate coated with copper; however, with increasing deposition, a more porous morphology is observed. The size of the granular particles increases up until 10 min of reaction, after which time it remains unchanged.
Introduction
There has been significant recent interest in the formulation of composites comprising carbon nanotubes (CNTs) imbedded in a copper matrix. The rationale for this composition is to combine the strength, low weight and conductivity of the CNTs with the conductivity and processability of copper, in particular in wires and cables [1] [2] [3] . While undoped CNT fibers show lower electrical conductivity than that of copper, individual CNTs have been reported to have higher ampacity [4, 5] . In general, simultaneous high ampacity and conductivity in a single material is difficult to achieve; however, by incorporating CNTs into Cu wires, it may be possible to obtain a composite material with high conductivity as well as high ampacity [1, 6, 7] . The resulting composite is often termed "ultra-conductive copper". Such a composite material can potentially be used in electrical applications (e.g., wires and cables for the transmission of large amounts of electrical energy) [8] . The fabrication of Cu-CNT composites has been achieved via a number of synthetic routes [9] [10] [11] ; however, Subramaniam et al. reported the best results to date for a sample with a conductivity of 4.7 x 10 5 S/cm and an ampacity of 630 x 10 6 A/cm 2 , which is a 100-fold increase in the ampacity of the Cu-CNT composite versus Cu [6, 7] , although the reported ampacity may be artificially high due to heat transfer from the short test structure (50 µm) to the contacts and the substrate [4] . Nevertheless, they proposed that a controlled homogeneous seeding of Cu onto the CNT surfaces is key to their results [6] . As a consequence, our research group and others have investigated the seeding of Cu crystals on the surface of CNTs; in particular, the effect of surface functionality [12] [13] [14] . During our studies [12] , we showed that electroless deposition results in the coating of individual and/or small bundles of single walled carbon nanotubes (SWCNTs) to create a homogeneous composite; however, the deposition is facilitated by the functionalization of the SWCNT surface. Hannula et al. have shown a similar dependence on functionalization for MWCNTs [15] .
Copper-multiwalled carbon nanotube (MWCNT) nanocomposite powders have been reported [10, [16] [17] [18] [19] . In all cases, Cu is deposited on the surface of MWCNTs; however, with a sufficient MWCNT diameter, Cu is also deposited on the inside [17] . The homogeneity of the resulting composite was either promoted by physical milling post-deposition [18] , acid treatment of the MWCNTs [17] , the use of an anionic dispersant of sodium dodecyl sulfate (SDS) [20] , and polymeric dispersants such as hydroxypropyl cellulose (HPC) [20] . Double-walled carbon nanotube (DWCNT) copper composite wires have been reported with only a 12% decrease in conductivity as compared to analogous copper wires, but with a 10% increase in tensile strength [21] . Despite these reports, there is a paucity of studies focused on Cu-SWCNT composite formation in electroless bath conditions.
We have recently reported the electromigration of raw (as synthesized) SWCNTs [22] and the formation of Cu-SWCNT composites by electrodeposition [23] in the absence of dispersing agents. During these studies we observed that dispersion in the aqueous bath was important for uniform Cu-SWCNT distribution. In this regard, we report herein the electroless deposition of Cu-SWCNT composites using polyethylene glycol (PEG) as a dispersant. Our study can potentially guide further experimentation pertaining to the development and reliable scale-up of Cu-SWCNT composites for electrical applications, and metal-nanomaterial composites in general, for additional uses. This work also further builds on an earlier copper-CNT study involving electroless deposition and serves to provide a comparison between the material characteristics of Cu-SWCNT composites generated via electroless and electroplating methods, and the use-or absence of-dispersing agents for the SWCNTs.
Materials and Methods
Unpurified raw HiPCO (high pressure carbon monoxide process) SWCNTs (SWCNTs) were obtained from Tubes@Rice (Houston, TX) batch 09-HiPco-0093 (batch no. 188.4) and used without further purification. All SWCNT handling was carried out by previously published methods [24] . Polyethylene glycol (PEG, M W = 8000 Daltons), disodium ethylenediamine tetraacetate (Na 2 EDTA), CuSO 4 .5H 2 O, formaldehyde, sodium sulfate, sodium hydroxide, and formic acid were obtained from Sigma Aldrich (St Louis, MO). Aqueous acetic acid (0.8 M), acetone and ethanol were obtained from Fisher Scientific (St. Louis, MO) and used as is. Polyvinylidene fluoride (PVDF) membranes were purchased from Millipore (Burlington, MA).
SWCNTs were plated with copper in an electroless bath for varying durations to determine the effect of reaction time on the ratio between the two materials. The bath composition was adapted from our previously used methodology [12, 25] and the formulation used by Caturla et al. in applying electroless nickel coatings to graphite [26] . The electroless reactions were conducted as follows: raw HiPCO SWCNT (48 mg) were sonicated in DI water (96 mL) with polyethylene glycol (6.6 g) for 1 h to prepare a stock SWCNT dispersion for use in the electroless plating experiments. A sample of the stock dispersion (16 mL, equivalent to 8 mg SWCNT per aliquot) was used for each reaction batch. Preparing the stock SWCNT dispersion in a PEG solution (with the PEG acting as a nonionic surfactant) eliminated the need to weigh out the hard-to-disperse SWCNTs and enabled the better control of C 2019, 5, 61 3 of 13 nanotube dosage into the reaction mixture. Copper for electroless plating was sourced through copper sulfate salt, while disodium EDTA was used as the chelating agent. Polyethylene glycol was used as a stabilizer, formaldehyde was used as a reducing agent, and sodium sulfate was applied to enhance the copper plating rate. Sodium formate served as a buffer and also as a brightener [27] . Sodium hydroxide was added to ensure that the bath remained alkaline [28] . Copper sulfate pentahydrate (0.5 g), Na 2 EDTA (2.3 g), sodium sulfate (1 g), sodium carbonate (0.8 g), and polyethylene glycol (13.2 g) were added along with DI water (90 mL) in a 200 mL beaker and heated to~90 • C for at least 20 min with stirring at 700 rpm until the bath turned a dark blue. The dark blue coloration is likely due to the formation of an EDTA-copper complex [29] . Then, aqueous NaOH (35 mL, 1 M), formaldehyde (24 mL, 30%), formic acid (0.6 mL), and an aliquot of raw SWNTs dispersed in PEG (16 mL, see above) were added to the bath (equivalent of 8 mg SWCNT) and stirred for the desired reaction time (see Table 1 ) with continued heating (94 • C), at 1200 rpm. After each reaction, the contents of the bath were divided into two aliquots and filtered onto two separate PVDF membranes (after taring the membranes to determine the actual mass of filtrate obtained on them). After weighing, the contents of both filter membranes were transferred to a tared sample vial and air dried for further characterization. The electroless Cu-SWCNT composites were characterized using a variety of material characterization techniques. Scanning electron microscopy (SEM) was performed on a FEI Quanta 400 ESEM FEG. The instrument also included an energy dispersive X-ray spectroscopy (EDX) capability. Samples were affixed on carbon tape, onto aluminum SEM stubs, which were used as received. An operating voltage of 20 kV was typically used, and the samples were imaged at a 10 mm working distance (with a spot size of 3 µm), under high vacuum conditions. Granular particle sizes were calculated by visually estimating the diameters of the particles on the SEM images using the scale bar and the length of a line drawn across randomly selected individual particles in a PowerPoint slide containing the SEM image. The evaluated numbers are purely for the purpose of identifying trends and are not absolute values considering the random nature of the electroless process and the heterogeneity of the SWCNT stating material. Cubic structures were again visually counted (no software was used) from SEM images. A few images (typically ≥3 per sample type) were averaged in this manner to obtain the counts. EDS data was acquired using the SEM's EDS detector, and EDAX TEAM™ software was used to process the acquired data from three sample locations. X-ray photoelectron spectroscopy (XPS) data was acquired on a sample area measuring 700 µm x 300 µm via a Kratos Axis Supra system with the following settings: Al-K α X-ray source (1486.7 eV), a 15.00 mA emission current, and 20 eV pass energy. Each sample was subjected to charge neutralization via a 1 V filament bias, 0.4 A filament current, and 3.3 V charge balance. A dwell time of 250 ms (single sweep) was used to record the data. CasaXPS software (Version 2.3.12.8) was used to analyze the recorded data. Spectrum energy calibration was conducted for the C 1s peak at binding energy of 284.8 eV (as per the NIST XPS database). Multiplex spectra for various elemental energy levels (C 1s, O 1s, and Cu 2p) were acquired to yield insights on speciation and variation of composition in the samples. A Rigaku C 2019, 5, 61 4 of 13 D/MAX 2100 diffractometer was used (Cu-K α radiation), with a graphite-based monochromator to obtain X-ray diffraction (XRD) measurements. Single crystal silicon (511) wafer samples holders were employed in the case of all samples to ensure zero-background. Rigaku PDXL2 software was used to analyze the obtained data. The Reitveld refinement of obtained XRD data was used to quantify Cu (PDF 04-009-2090) and Cu 2 O (PDF 04-002-3214) in the samples. A Raman analysis of samples was conducted using a Renishaw inVia Raman Microscope (Wotton-under-Edge, UK) with the following settings: a 514.5 nm wavelength setting, 50× LWD magnification, in the range of 100 cm −1 to 3300 cm −1 . The data were subjected to background subtraction and baselining, and I G /I D ratios were calculated and averaged over three repeat trials. Table 1 summarizes the reaction conditions used to obtain the various Cu-SWCNT electroless samples. It should be noted that since raw (unpurified) SWCNTs were employed, the weight % included the residual catalytic iron impurity (20-47 wt.%) and minor amounts of amorphous carbon [30] [31] [32] . Hence, the actual proportion of pure SWCNTs was at least correspondingly lower after discounting the impurities. The choice of raw as opposed to purified SWCNTs was based upon recent results that showed the ultimate conductivity of a Cu-CNT composite is only slightly affected by the presence of residual catalyst [33] . It is also likely that the air-drying process caused the samples to retain small residual amounts of moisture, but the samples were subsequently stored in airtight containers prior to characterization. Figure 1 shows the mass of content increases with time. The mass of copper deposited increases at an exponential rate. Electroless deposition is ordinarily an autocatalyzed process [34] ; however, this would be expected to result in a constant reaction rate, until Cu 2+ depletion in the bath occurs. Reactions of this type have the property that the rate equations are nonlinear; that is, the reaction is very slow in the beginning, but steadily increases as more product is formed. However, as is clear from Figure 1 , this is not the case, since there is clearly no induction period. We note that the deposition does not follow either first-or second-order rate reaction kinetics. It has been observed that the electroless deposition of Cu onto CNTs is facilitated by the surface functionality of the CNTs [12, 15] . This can be associated with the inherent oxygen species present during the synthesis and purification of the CNTs [12] , or due to the attachment of specific functional groups that lower the reduction potential of Cu 2+ upon coordination [15, 25] . At long deposition times, stagnation in the mass of copper deposited could likely also be due to the depletion of copper ions from the plating bath. composition in the samples. A Rigaku D/MAX 2100 diffractometer was used (Cu-Kα radiation), with a graphite-based monochromator to obtain X-ray diffraction (XRD) measurements. Single crystal silicon (511) wafer samples holders were employed in the case of all samples to ensure zero-background. Rigaku PDXL2 software was used to analyze the obtained data. The Reitveld refinement of obtained XRD data was used to quantify Cu (PDF 04-009-2090) and Cu2O (PDF 04-002-3214) in the samples. A Raman analysis of samples was conducted using a Renishaw inVia Raman Microscope (Wotton-under-Edge, UK) with the following settings: a 514.5 nm wavelength setting, 50× LWD magnification, in the range of 100 cm −1 to 3300 cm −1 . The data were subjected to background subtraction and baselining, and IG/ID ratios were calculated and averaged over three repeat trials. Table 1 summarizes the reaction conditions used to obtain the various Cu-SWCNT electroless samples. It should be noted that since raw (unpurified) SWCNTs were employed, the weight % included the residual catalytic iron impurity (20-47 wt.%) and minor amounts of amorphous carbon [30] [31] [32] . Hence, the actual proportion of pure SWCNTs was at least correspondingly lower after discounting the impurities. The choice of raw as opposed to purified SWCNTs was based upon recent results that showed the ultimate conductivity of a Cu-CNT composite is only slightly affected by the presence of residual catalyst [33] . It is also likely that the air-drying process caused the samples to retain small residual amounts of moisture, but the samples were subsequently stored in airtight containers prior to characterization. Figure 1 shows the mass of content increases with time. The mass of copper deposited increases at an exponential rate. Electroless deposition is ordinarily an autocatalyzed process [34] ; however, this would be expected to result in a constant reaction rate, until Cu 2+ depletion in the bath occurs. Reactions of this type have the property that the rate equations are nonlinear; that is, the reaction is very slow in the beginning, but steadily increases as more product is formed. However, as is clear from Figure 1 , this is not the case, since there is clearly no induction period. We note that the deposition does not follow either first-or second-order rate reaction kinetics. It has been observed that the electroless deposition of Cu onto CNTs is facilitated by the surface functionality of the CNTs [12, 15] . This can be associated with the inherent oxygen species present during the synthesis and purification of the CNTs [12] , or due to the attachment of specific functional groups that lower the reduction potential of Cu 2+ upon coordination [15, 25] . At long deposition times, stagnation in the mass of copper deposited could likely also be due to the depletion of copper ions from the plating bath. (Figure 2a ) comprising a distinctive fibrous morphology clearly seen at higher magnifications (Figure 2b ,c) that is suggestive of an underlying SWCNT substrate coated with copper. A similar morphology is observed in the electroless coating of SWCNTs with CdS and CdSe [35] . In addition to granular particles, there are a few cubic crystals typical of Cu growth [12] . As the reaction time increases, a more porous morphology is observed (Figure 2d,g,j) . In addition, the prevalence of the cubic crystals increases dramatically, and the overall structure loses the underlying fibrous substructure (Figure 2f ,i,l). Although the individual SWCNTs (or bundles thereof) are not observed after 10 min of deposition, their presence is confirmed by Raman spectroscopy (see Section 3.5).
Results and Discussion

SEM Analysis
C 2019, 5, 61 5 of 13 SEM images of SWCNT-metal composites from selected electroless reaction conditions are shown in Figure 2 . For the product formed after 5 min (10.6 wt.% SWCNTs) SEM revealed a relatively dense structure (Figure 2a ) comprising a distinctive fibrous morphology clearly seen at higher magnifications (Figure 2b and c) that is suggestive of an underlying SWCNT substrate coated with copper. A similar morphology is observed in the electroless coating of SWCNTs with CdS and CdSe [35] . In addition to granular particles, there are a few cubic crystals typical of Cu growth [12] . As the reaction time increases, a more porous morphology is observed (Figure 2d , g, and j). In addition, the prevalence of the cubic crystals increases dramatically, and the overall structure loses the underlying fibrous substructure (Figure 2f , i, and l). Although the individual SWCNTs (or bundles thereof) are not observed after 10 min of deposition, their presence is confirmed by Raman spectroscopy (see Section 3.5). Table 2 provides a comparison of the morphologies between the various samples analyzed from multiple SEM images. The size of the granular particles increases until 10 min of reaction, after which time it remains unchanged. This could have been due to the smoothening of particle surfaces (thereby decreasing the number of active sites or surface area available on each particle) with increasing deposition beyond 10 min that likely caused a self-limitation of granular particle size, coupled with the vigorous stirring of the reaction mixture, which did not allow further physical deposition or the mechanical bonding of material on each particle. Mechanical bonding, in conjunction with chemical deposition, has been postulated in prior research [36] to explain the electroless deposition of copper particles on ceramic surfaces. By comparison, the abundance of the cubic crystals increases exponentially (Figure 3 ), although the range of their sizes (as measured by one face of the cubic crystal by SEM) remains constant. Again, the size limitations of cubic crystals could have been due to a combination of the stirring conditions used with the reaction mixtures. The relative increase of the number of cubic particles suggests an initial deposition of Cu2O granular materials that later shifted toward cubic copper crystals, as later evidenced by XRD data. Thus, as Table 2 provides a comparison of the morphologies between the various samples analyzed from multiple SEM images. The size of the granular particles increases until 10 min of reaction, after which time it remains unchanged. This could have been due to the smoothening of particle surfaces (thereby decreasing the number of active sites or surface area available on each particle) with increasing deposition beyond 10 min that likely caused a self-limitation of granular particle size, coupled with the vigorous stirring of the reaction mixture, which did not allow further physical deposition or the mechanical bonding of material on each particle. Mechanical bonding, in conjunction with chemical deposition, has been postulated in prior research [36] to explain the electroless deposition of copper particles on ceramic surfaces. By comparison, the abundance of the cubic crystals increases exponentially (Figure 3) , although the range of their sizes (as measured by one face of the cubic crystal by SEM) remains constant. Again, the size limitations of cubic crystals could have been due to a combination of the stirring conditions used with the reaction mixtures. The relative increase of the number of cubic particles suggests an initial deposition of Cu 2 O granular materials that later shifted toward cubic copper crystals, as later evidenced by XRD data. Thus, as copper deposition increases with time, the size of both the granular and cubic morphology remains consistent, but the C 2019, 5, 61 6 of 13 relative amount of the different morphologies changes ( Table 2) . Considering the various reaction parameters involved (e.g., mixing speed, temperature, proportions of the various reactants, etc.), further research is needed before finalizing a viewpoint on the abundance and sizes of granular and cubic crystalline phases. copper deposition increases with time, the size of both the granular and cubic morphology remains consistent, but the relative amount of the different morphologies changes ( Table 2 ). Considering the various reaction parameters involved (e.g., mixing speed, temperature, proportions of the various reactants, etc.), further research is needed before finalizing a viewpoint on the abundance and sizes of granular and cubic crystalline phases. 
EDX Analysis
The EDX characterization of the Cu-SWCNT composite samples is summarized in Table 3 . As can be seen, there is significant Fe present due to catalyst residue [30] [31] [32] . As would be expected, the copper composition is inversely proportional to carbon (and associated Fe) content (Figure 4) , associated with the deposition of Cu. The EDX analysis of carbon (wt%) is somewhat close to quantitative with respect to the wt% of SWCNTs added at high reaction times ( Figure 5 ), after considering the high error bars involved and the estimate made, suggesting that all the SWCNTs in the reaction solution are incorporated into the composite as the reaction proceeds; i.e., samples with a low SWCNT content. This is possible considering that all dispersed solids in the plating bath were collected onto a filter membrane and dried. The high error bars were likely due to the heterogeneity (due to the randomness of the chosen electroless deposition process) of the selected samples and the relatively small proportion of the sample volume analyzed using EDX. 
The EDX characterization of the Cu-SWCNT composite samples is summarized in Table 3 . As can be seen, there is significant Fe present due to catalyst residue [30] [31] [32] . As would be expected, the copper composition is inversely proportional to carbon (and associated Fe) content (Figure 4) , associated with the deposition of Cu. The EDX analysis of carbon (wt%) is somewhat close to quantitative with respect to the wt% of SWCNTs added at high reaction times ( Figure 5 ), after considering the high error bars involved and the estimate made, suggesting that all the SWCNTs in the reaction solution are incorporated into the composite as the reaction proceeds; i.e., samples with a low SWCNT content. This is possible considering that all dispersed solids in the plating bath were collected onto a filter membrane and dried. The high error bars were likely due to the heterogeneity (due to the randomness of the chosen electroless deposition process) of the selected samples and the relatively small proportion of the sample volume analyzed using EDX.
It should be noted that there appears to be an anomaly between the C content for the 30 and 45 min samples (Table 3) ; however, their values are within the variation between various analysis locations within an individual sample (given as a standard error in Table 3 ). The observed variations could be due to the local heterogeneity of the samples. Figure 4 shows a plot of elemental composition as a function of the SWCNT concentration within the samples. It should be noted that there appears to be an anomaly between the C content for the 30 and 45 min samples (Table 3) ; however, their values are within the variation between various analysis locations within an individual sample (given as a standard error in Table 3 ). The observed variations It should be noted that there appears to be an anomaly between the C content for the 30 and 45 min samples (Table 3) ; however, their values are within the variation between various analysis locations within an individual sample (given as a standard error in Table 3 ). The observed variations The presence of oxygen could be due to native oxide layers on the copper formed by self-passivation, along with oxygen-containing defect groups on nanotube surfaces [37] . It is also likely that copper oxides may have formed. Prior researchers have reported on the electroless deposition of copper oxides on CNTs [38] . It is interesting to note, however, that the oxygen content does not appear to alter dramatically with SWCNT content (Table 3 and Figure 4 ). This is in agreement with our observation for the electrodeposition of Cu on SWCNTs, in which there was initially a drastic drop in oxygen content upon the addition of the CNTs, but no variation in oxygen content was subsequently observed between the composites containing varying concentrations of CNTs [23] . This phenomenon is likely due to a reduction in the oxidation of copper due to the presence of the SWCNTS, coupled with enhanced corrosion potential, reduction of copper, and/or passivation of copper, as was summarized from trends in prior literature [23] . Table 4 below gives a summary of the XPS characterization of Cu-SWCNT composites prepared by electroless deposition. Table 5 shows the relative amounts of Cu (and/or Cu 2 O) and Cu(OH) 2 as determined by fitting the Cu 2p XPS spectra [23] . Please note that SWCNT Wt.% values in Tables 4  and 5 are calculated values from Table 1 and are used for reference in terms of the actual proportions of SWCNTs physically incorporated into the bulk composite materials, while all other wt.% and at.% values in this table are derived from XPS measurements. No clear trends were seen between the various samples in the case of the elemental content or the ratios between elements and the different copper chemical species; i.e., metallic copper (and/or cuprous oxide) and copper(II) hydroxide. However, the main value of XPS was in the detection of the presence of chemical compounds such as copper(II) hydroxide and cuprous oxide. The presence of Cu(OH) 2 appears to be a surface (or amorphous) species, given that none is observed by XRD (see Section 3.4), and may have been caused by a reaction between surface copper oxide and atmospheric moisture. The atomic percentages of carbon, as observed in the XPS data, were much higher than in the case of EDX measurements, which is likely due to the local heterogeneity in the samples coupled with the fact that EDX collects data that is more three-dimensionally representative than XPS owing to its greater penetration of a given sample, and since XPS is more of a surface characterization technique. 
XPS Analysis
XRD Analysis
The X-ray diffraction (XRD) of the Cu-SWCNT composite samples ( Figure 6 ) reveals crystalline Cu to be the major component in all cases (Table 6 ). As is suggested by XPS (see above), there is a minor component of oxide in each sample. The oxide in all the samples containing SWCNTs is Cu 2 O (ICDD #04-002-3214), and this trend corroborates the observations via XPS analysis presented in the previous section of this paper. Interestingly, the relative percentage of oxide initially decreases with reaction time to 30 min and then appears to remain essentially constant (Figure 7) . It is possible that this change is due to the change in morphology (Figure 1 ) and increase in cubic crystals versus granular features ( Figure 3) . As per the XRD data, the crystal grain size of the Cu generally increases with a longer reaction time, while the Cu 2 O grain size remains small and relatively constant. The SEM image data discussed earlier did not specifically demonstrate an increase in Cu crystal grain size with reaction time, possibly due to the small sample areas examined under the SEM, while XRD is more of a bulk characterization technique. Hence, grain/crystal sizes and numbers need to be put into context given the random nature of the chosen electroless process and may not be considered as absolute values. While it is obvious that the cubic crystals observed in the SEM are metallic Cu, it is consistent with XRD and SEM that the granular features are predominantly Cu 2 O. This would suggest that the initial deposition of copper onto the raw SWCNTs results in the formation of Cu 2 O in preference to Cu. We have previously observed that the attempted deposition of Cu nanoparticles (NPs) onto CNTs resulted in tenorite-decorated CNTs (CuO-CNTs) instead [38] .
previous section of this paper. Interestingly, the relative percentage of oxide initially decreases with reaction time to 30 min and then appears to remain essentially constant (Figure 7) . It is possible that this change is due to the change in morphology ( Figure 1 ) and increase in cubic crystals versus granular features ( Figure 3) . As per the XRD data, the crystal grain size of the Cu generally increases with a longer reaction time, while the Cu2O grain size remains small and relatively constant. The SEM image data discussed earlier did not specifically demonstrate an increase in Cu crystal grain size with reaction time, possibly due to the small sample areas examined under the SEM, while XRD is more of a bulk characterization technique. Hence, grain/crystal sizes and numbers need to be put into context given the random nature of the chosen electroless process and may not be considered as absolute values. While it is obvious that the cubic crystals observed in the SEM are metallic Cu, it is consistent with XRD and SEM that the granular features are predominantly Cu2O. This would suggest that the initial deposition of copper onto the raw SWCNTs results in the formation of Cu2O in preference to Cu. We have previously observed that the attempted deposition of Cu nanoparticles (NPs) onto CNTs resulted in tenorite-decorated CNTs (CuO-CNTs) instead [38] . 1 Error values given in parentheses. 2 The wt.% values in this column are calculated ideal values based on the mass of SWCNT added to the electroless reaction mixtures, as a function of the final mass of the air-dried products from the reactions. 
Raman Analysis
The main purpose of the Raman analysis of the Cu-SWCNT composites prepared in this study is to prove the presence of SWCNTs in the composites. The Raman spectra of the Cu-SWCNTs composites show D and G bands and the radial breathing modes associated with SWCNTs (e.g., Figure 8 ). The presence of these SWCNT-related signature peaks in the Raman data related to the synthesized composites reliably demonstrate the incorporation of the SWCNTs into the composites. The D band represents the presence of sp 3 carbon centers, and the G band is associated with the sp 2 carbon of a pristine SWCNT. The IG:ID ratio is often used as a good indicator of SWCNT quality in bulk samples [39, 40] . As seen in Table 7 , the IG:ID ratios appeared to decrease slightly as a function of reaction time, although it is clear the values are within the large standard deviation typical of raw SWCNTs [31] . 1 All samples averaged from three regions of the sample, and standard deviations are given in parenthesis. 2 The wt.% values in this column are calculated ideal values based on the mass of SWCNT added to the electroless reaction mixtures, as a function of the final mass of the air-dried products from the reactions. 
The main purpose of the Raman analysis of the Cu-SWCNT composites prepared in this study is to prove the presence of SWCNTs in the composites. The Raman spectra of the Cu-SWCNTs composites show D and G bands and the radial breathing modes associated with SWCNTs (e.g., Figure 8 ). The presence of these SWCNT-related signature peaks in the Raman data related to the synthesized composites reliably demonstrate the incorporation of the SWCNTs into the composites. The D band represents the presence of sp 3 carbon centers, and the G band is associated with the sp 2 carbon of a pristine SWCNT. The I G :I D ratio is often used as a good indicator of SWCNT quality in bulk samples [39, 40] . As seen in Table 7 , the I G :I D ratios appeared to decrease slightly as a function of reaction time, although it is clear the values are within the large standard deviation typical of raw SWCNTs [31] . 
Conclusions
In summary, an attempt was made to fill in a gap in the literature; to this end, SWCNTs were incorporated into composites with copper, rather than the MWCNTS previously reported in literature. A range of Cu-raw HiPCO SWCNT composite samples were prepared via the electroless method (using polyethylene glycol as a dispersing agent) adapted from procedures published in studies that were more focused on synthesizing nickel-graphite composites. The samples were subjected to characterization using a range of techniques in terms of their morphology, composition, crystallinity, detection of SWCNTs, and ratios between metal impurities such as oxides and hydroxides, in addition to the G:D ratios of the added SWCNTs. The control of the proportion of added raw HiPCO SWCNTs in the electroless composites was achieved by controlling the reaction times. Initially, at low reaction times, the morphology of the obtained electroless Cu-SWCNT composite material was fibrous (mimicking the morphology of the SWCNTs), but this aspect decreased with increased reaction time due to the progressive deposition of excess Cu that masked the fibrous structure of the SWCNT bundles. Raman data confirmed the presence of SWCNTs in samples based on all sample times, regardless of whether or not the fibrous structures were visible under the SEM, while demonstrating a possible slight (taking into consideration the error bars) reduction in the G:D values with an increase in copper content; i.e., with increased reaction time (even though the error bars were quite high, suggesting a need for SWCNTs of better purity and consistency for future studies). In general, there was a likely inverse proportionality between SWCNT-based (and related iron catalyst material) content in the composites (via the added SWCNTs) and the copper deposited during the electroless process, at a rate that was initially fast and then slowed down. However, oxygen levels were more or less constant regardless of SWCNT content, similar to the case of electroplated Cu-SWCNT composites described in a previous report from our group. XRD analysis confirmed the presence of bulk oxides in the presence of small crystallites (mainly cuprous oxide), while XPS detected the presence of copper(II) hydroxide. An awareness of possible impurities present in as-received raw materials (especially the SWCNTs) and those generated/involved during the synthesis of Cu-SWCNT composites as described in this study, combined with a systematic choice of detailed characterization steps and data analysis, will help to optimize subsequent synthesis and purification efforts, meaning that high-quality metal-nanomaterial composites can be generated for critical electrical applications that require both high electrical conductivity and high ampacity.
